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Abstract
On-line Perturbed Angular Correlation (PAC) experiments were performed on the 66.0 keV excited state of 127Cs,
using the c (114.7 keV)–eÿL (66.0 keV) cascade from the decay of the short-lived
127Ba (T1=2 13 min) isotope produced
at the ISOLDE facility at CERN. The PAC experiments were performed with an optimized c–eÿ spectrometer coupled
to the ISOLDE beam line, which allowed simultaneous implantation and measurement. The optimization of the ex-
periment is described and the first results on metallic foils and single crystals of Al, Be, Ga, Zn, and Ni are presented
and discussed. The derived nuclear moments of the 66.0 keV excited state of 127Cs are jlj  2:92lN and
jQj  0:5812b. Applications of this new PAC isotope are outlined. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
The application of hyperfine interaction tech-
niques to problems in solid state physics has been
steadily growing over the last decade with the in-
creased use of radioactive ion beam facilities, such
as ISOLDE at CERN [1,2]. New applications of
the eÿ–c Perturbed Angular Correlation (PAC)
technique have recently extended the sensibility
limits of the c–c PAC method [3] using probe
nuclei with highly converted cascades such as 73Ge
and 197Hg [4–6]. In order to eciently use short-
lived isotopes (i.e., with T1=2 smaller than about 30
min) on-line implantation and measurement are
essential. Such is the case of the 127Ba/127Cs probe
used in the present work.
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An alkali probe element is extremely interesting
to study several problems in solid state research,
like diusion mechanisms looking at the interac-
tion of alkali impurities with implantation defects
in ferromagnetic metals [7], or to probe charge
density shifts on the Ba site of high-TC supercon-
ductors [8].
The main goal of the present work is the in-
troduction of 127Cs as a new PAC probe for hy-
perfine interaction studies. The optimization of the
experiment is described, and first results are pre-
sented and discussed.
2. Experimental details
A partial decay scheme of the short-lived 127Ba
isotope is shown in Fig. 1. The aim of the present
work is to perform PAC measurements on the 66.0
keV excited state of 127Cs. For this purpose, the
114.7 keV c-ray and the L-conversion electrons of
the 66.0 keV transition in 127Cs have to be de-
tected, and the time between their detection has to
be accurately measured. The conversion electrons
are energy discriminated by magnetic lenses prior
to the detection on plastic scintillators. This
method provides an easy and ecient way to select
the electrons of interest from complex decay cas-
cades or from isobaric contamination [9]. Since
good time resolution is essential in PAC experi-
ments, cylindrical 1.75 in. diameter and 0.3 in.
thick BaF2 scintillators were used for c detection.
The small thickness of the BaF2 crystals allows
maximum detection eciency for c-rays with en-
ergies below 150 keV. Once high-count rates can
be expected due to the short 127Ba half-life, as well
as due to the accumulation of the decay products
into the sample, the scintillators were coupled to
XP2020Q fast photomultipliers with transistorized
bases. During the experiments, the gamma detec-
tors have been often running at average count
rates as high as 2 ´ 105 Hz.
At ISOLDE, the 127Ba isotope is produced
during spallation of a Ta-foil target by the 1 GeV
proton beam from the PS-Booster accelerator at
Fig. 1. Simplified decay scheme of the 127Ba/127Cs decay. The
two most intense gamma lines obtained from the 127Cs/127Xe
decay are also indicated.
Fig. 2. General view of the c–eÿ PAC spectrometer mounted
on-line with the ISOLDE beam line.
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CERN. A W-surface ion source is coupled to the
target and ionizes the alkali, alkali–earth and
lanthanide elements. Then a 60 kV extraction
electrode produces a beam, which is mass sepa-
rated by a high resolving power magnet [2].
Due to the 127Ba short half-life, the c–eÿ PAC
spectrometer was coupled to the ISOLDE beam
line, as shown in Fig. 2. Conversion electron
spectra, such as shown in Fig. 3, were used to
check the yields and isobaric contamination of
mass 127. It was found that the beam consisted
mainly of the 127Ba and 127Cs ions, with yields of
1.0(3) ´ 108 p/lC [10] and 5(4) ´ 107 p/lC, respec-
tively.
Under the above described experimental con-
ditions, 2–4 h of beam time per each PAC spec-
trum was enough to acquire significant statistics.
3. Results and discussion
3.1. Electron, gamma and half-life spectra
Fig. 3 shows an electron spectrum taken with
the magnetic lens set at its minimum aperture,
where all the electron-lines are clearly separated.
One notes, in particular, that the 124.7 keV K-line
(from the 127Cs/127Xe decay) appears rather small.
The continuously increasing background is due to
b particles which are emitted during the 127Ba/
127Cs decay. Since to each channel corresponds a
dierent setting of the magnetic field, an acquisi-
tion time of 16 min was necessary to scan all over
the conversion electrons energy range with enough
statistics.
The electron spectrum as well as the PAC
measurements were taken with a constant decay
rate of the parent 127Ba. This was achieved by
performing periodic implantations with an ap-
propriate beam gate duty cycle, in order to reach a
convenient secular equilibrium during the mea-
surements. The use of magnetic spectrometers
mounted on-line with the ISOLDE beam line al-
lowed to detect the Auger KLL and the 66.3 keV
K-conversion electrons lines not previously re-
ported [11–13]. However, a large fraction of such
low energy electrons generate pulse signals of small
amplitude on the plastic scintillators, of the order
of magnitude of the photomultiplierÕs noise. Since
all events are discriminated by a single channel
analyzer and this aects in dierent ways electrons
of dierent energies, the conversion coecients
and thus the multipolarities of the transitions
could not be accurately determined.
Fig. 4(a) shows gamma spectra measured with a
2 in. thick BaF2 conical detector commonly used
in PAC experiments [9]. The top spectrum (thick
line) was measured with the 127Ba activity in sec-
ular equilibrium, after 2 h of continuous implan-
tation. It is clearly seen that the 124.7 keV c-lines
of the 127Cs/127Xe decay start mixing up with the
114.7 keV c-line of interest from the 127Ba/127Cs
decay. Furthermore, the 411.1 keV and the 511
keV positron annihilation c-lines appear rather
intense. The bottom spectrum (thin line) was ob-
tained with beam o after decay of all 127Ba. Only
the gamma lines that come from the 127Cs/127Xe
decay are seen.
Fig. 4(b) shows two c-spectra made after the
first implantation shot on a freshly mounted alu-
minum foil. No c-lines from the 127Cs/127Xe decay
was observed at this time. The thin line represents
a c-spectrum made with the 2 in. thick detector,
while the thick line represents a spectrum made
with the 0.3 in. thick detector. It is clearly seen
that, by using the thinner BaF2 detector, only the
intensities of the 180.8 and 511 keV gamma lines
are strongly attenuated. The use of such thin
crystals has as an obvious disadvantage a worst
Fig. 3. Electron spectrum made during implantation of the
127Ba/127Cs beam produced by the Ta/W target/ion source (in
secular equilibrium).
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energy resolution, of the order of 20% for the 662
keV 137Cs line, while 11% is achieved with the
thicker crystal.
Fig. 5 shows the half-life histogram of the 66.0
keV state, which was obtained by performing time
coincidences between the 114.7 keV gamma-ray
and the L (66 keV) conversion electrons. From this
histogram we obtained a precise value of the half-
life of the 66.0 keV state, T1=2 24.88(30). The
quoted error includes the error due to the time
calibration uncertainty (about 1%). The resolving
time of the experimental setup was measured
during the decay of 127Cs to 127Xe. By letting the c-
and electron energy windows set at the same values
as during the PAC experiments, a prompt spec-
trum with FWHM 2.43(3) ns was obtained, de-
tecting b and inelastically scattered conversion
electrons in prompt coincidence with the 124.7 keV
(127Xe) gamma line.
3.2. The quadrupole interaction of 127Cs in Al, Be,
Zn and Ga
Figs. 6–9 show the experimental PAC func-
tions, R(t), measured after implantation of 127Ba in
Al, Zn, Be, and Ga hosts, respectively. The theo-
retical fits to the R(t) functions (continuous line in
the figures) were calculated numerically taking into
account the full Hamiltonian for the quadrupole
hyperfine interaction [14].
Fig. 4. (a) Gamma spectra measured with a 2 in. thick BaF2
conical detector. The top spectrum (thick line) was measured
with the 127Ba activity in secular equilibrium, after 2 h contin-
uous implantation. The bottom spectrum (thin line) was ob-
tained with beam o after decay of all 127Ba. (b) The thin line
represents a gamma spectrum made with the 2 in. thick detector
after the first implantation shot, on a freshly mounted alumi-
num foil. The thick line represents a spectrum made with the 0.3
in. thick detector.
Fig. 5. Measurements of the half-life of the 66.0 keV 127Cs
state, and of the time resolution of the experimental setup.
Fig. 6. Experimental R(t) function measured after implantation
of 127Ba in an Al foil at RT.
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Table 1 contains the relevant fit parameters for
each spectrum. In the calculation, two independent
fractions of probe nuclei, (fi, i 1, 2), each expe-
riencing a quadrupole frequency mQi eQViZZ /h
were considered. VZZ is the principal component of
the EFG tensor, which is produced from the extra
nuclear charge distribution, and Q is the quadru-
pole moment of the 66 keV excited state. f1 rep-
resents the fraction of nuclei that are located in
perfect lattice sites, while f2 represents the fraction
of nuclei that occupy other sites or lattice sites with
damaged surroundings. For a cascade with an in-
termediate level with spin I 5/2, three frequencies
are observable per EFG. From these frequencies,
the interaction coupling constant, mQ, and the
asymmetry parameter g (VXX ÿVYY )/VZZ are ex-
tracted. The interaction with randomly distributed
defects does not lead to the measurement of a
sharp frequency, but rather to a distribution of
frequencies. Here, we assume such a distribution
to be of the Lorentzian type, with average value
ámQñ and standard deviation rQ, depending on the
density and variety of the lattice defects.
The amplitude and sign of the R(t) function
depend on the anisotropy coecients of the cas-
cade. For t 0, the R(t) function is negative as
expected for a 3/2 ® 5/2 ® 1/2 spin sequence. The
particle parameter bL2 (66 keV, Z 35, E2) 1.258
is positive, and slightly increases the main ampli-
tude coecient A22(c–c)ÿ0.20 [15,16]. The
experimental angular correlation coecients
A expkk0 c–eÿ are then estimated taking into account
the theoretical ATkk0 c–eÿ  ATkk0 c–c  bk0 coe-
cients, and the Qck  Qeÿk0 attenuation param-
eters due to the finite solid angle of the electron
and gamma detectors [17]. Another attenuation
coecient Qscatteÿk0 was introduced to account
for the elastic electron scattering by the implanted
samples [18]. Thus we obtain the experimental co-
ecients A expkk0 c–eÿ  Qck  Qeÿk0  Qscatteÿk0 
ATkk0  c–eÿ to be Aexp22 ÿ0.207, Aexp24 ÿ0.0445,
Aexp42  0, and Aexp44  0.
Fig. 7. Experimental R(t) function measured after implantation
of 127Ba in a Zn single crystal at RT. The inset shows the ori-
entation of the c-axis in the detectorÕs plane, at 45° with each
detector.
Fig. 8. Experimental R(t) function measured after implantation
at 453 K of 127Ba in a Be single crystal. The insert shows the
orientation of the c-axis perpendicular to the detectorÕs plane.
Fig. 9. Experimental R(t) function measured after implantation
of 127Ba in Ga lump at RT.
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In the above calculations of the experimental
anisotropy coecients, we assumed that the first
transition is pure M1 (no E2 mixing is known) and
that the second transition is pure E2. However, the
maximum observable amplitude of the R(t) spectra
is smaller than the expected by a factor of 2.
Factors such as (a) the contribution of the elasti-
cally back-scattered electrons (not easy to calcu-
late), and (b) a 1–2% E2 mixture in the M1 114.8
keV transition, are possible sources of such extra
reduction factor. On the other hand, the same ef-
fect can be explained by the existence of a large
fraction of nuclei implanted in highly lattice
damaged sites, that generates a large distribution
of EFGs which strongly attenuates the R(t) func-
tion in the first channels. Since we cannot choose
among the dierent possibilities, we establish for
analysis purposes an eective maximum amplitude
of the R(t) function by assuming Aeff22  0.5 ´ Aexp22 .
Thereafter, the fractions f1 + f2 100% are nor-
malized to Aeff22 .
After room temperature (RT) implantation in
an Al foil (Fig. 6), about f1 50(9)% of the 127Ba/
127Cs nuclei are in unperturbed cubic (EFG 0)
lattice sites, which are characterized by ámQñ 0
and rQ 0. The remainder nuclei are interacting
with a wide distribution of defects, characterized
by ámQñ 0 and rQ 57(16) MHz. Similar results
are obtained after implantation at 453 K in the Be
hcp single crystal (Fig. 7). About f1 47(9)%) of
the 127Ba/127Cs nuclei take up the same unique
position characterized by jmQ1j  358:825 MHz
and g1 0, without defects in their neighborhood
(rQ1 0). The rest of the Ba nuclei are in a highly
damaged environment or in several defect-associ-
ated positions of the Be lattice, characterized by
ámQ2ñ mQ1, and rQ2 1770(142) MHz.
A completely dierent behavior was found after
RT implantation into Zn and Ga. In a Zn hcp
single crystal, 100% of the 127Ba/127Cs nuclei reside
at the same lattice site, which is characterized by
jmQ1j  34:511 MHz and g1 0 (Fig. 8). About
f2 57(16)% of these nuclei interact with a distri-
bution of defects characterized by ámQ2ñ mQ1 and
rQ2 21(5) MHz. This fraction is responsible for
the slight damping seen in the R(t) function. After
RT implantation in a Ga lump (Fig. 9), 100% of
the 127Ba/127Cs nuclei are found in the same site
of the orthorhombic lattice, characterized by
jmQ1j  125:57 MHz and g1 0.119(16).
3.3. The magnetic interaction of 127Cs in Ni
In an attempt to measure the magnetic hyperfine
interaction, 127Ba was implanted into the ferro-
magnetic host Ni. From the spectrum measured in
Table 1
Relevant fit parameters obtained for the fits to the experimental R(t) functions as measured in the Al, Zn, Be, and Ga hosts (TM is the
measurement temperature)
Host TM (K) f1 (%) mQ1 (MHz) g1 f2 (%) tQ2 (MHz) r2 (MHz)
Al RT 50 (9) 0 0 50 (9) 0 57 (16)
Be 453 47 (9) 358.8 (25) 0 53 (9) 358.8 (25) 1770 (142)
Zn RT 43 (16) 34.5 (11) 0 57 (16) 34.5 (11) 21 (5)
Ga RT 100 125.5 (7) 0.119 (16) – – –
Fig. 10. Experimental R(t) function measured after implanta-
tion of 127Ba in a Ni single crystal at RT.
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the as-implanted state (Fig. 10) we could conclude
that already 25% of the implanted nuclei are located
in one unique site, with a corresponding Larmor
frequency jxLj  18420 Mrad sÿ1. This prelimi-
nary experiment should therefore be continued
performing measurements as a function of tem-
perature to recover the damage after implantation.
4. Discussion
The R(t) spectra measured in the non-cubic
metallic Be, Zn and Ga hosts have clearly shown a
characteristic set of three observable frequencies
per EFG. This fact proves that the spin of the 66.0
keV state is I 5/2 [3].
The nuclear quadrupole moment can be esti-
mated in two dierent ways. The first one is based
on a point charge calculation of the ionic EFG
contribution, VZZ(ion)ÿ1.35 ´ 1016 V cmÿ2, pro-
duced by the Be lattice at the octahedral interstitial
position, where the implanted Ba is known to be
located [19]. Then the electronic contribution to the
total EFG can be estimated using the empirical
‘‘Universal Correlation’’ [20] in the form VZZ 
(1ÿK)(1ÿc1)VZZ(ion). In this equation c1 is the
antishielding Sternheimer factor that accounts for
the polarization of the electronic core, and K is a
factor in the range of 2–3 for most probes [21].
Adopting K 2.5 and c1(Cs1)ÿ121.3, we ob-
tain VZZ +2.48 ´ 1018 V cmÿ2. Then the value
jQj  0:601b is obtained from the measured jmQ1j
coupling constant in Be. The quoted error includes
only the experimental uncertainty of jmQ1j.
When the same type of calculation is performed
for Zn, assuming that Ba goes to a substitutional
position in the Zn lattice, an unrealistic value of
the EFG is obtained. However, there is evidence
for an anomalously low EFG value for the alkali
elements Rb in Zn, far away from any first order
systematics [22].
The second calculation we performed is based
on the known value of the quadrupole interaction
of an excited state of 80Rb in Ga, mQ 50.8(1)
MHz with g 0.283(5) [23], obtained with the
Angular Distribution technique. The quadrupole
moment of the 561 keV state where the measure-
ment is performed, has been determined as
jQ(80Rb, 561 keV)j  0.51(5)b [24]. Since Rb is is-
ovalent to Cs, we can assume that VZZ(CsGa)/
VZZ(RbGa) (1ÿ c1(Cs))/(1ÿ c1(Rb)). We thus
obtain |Q(127Cs)| 0.58(12)b. The magnitudes of
both values found for Q, which were obtained in
two independent ways, are in excellent agreement.
It is interesting to note that 127Cs has a quadrupole
moment similar to the ground state of 131Cs [25].
This observation may be explained by the fact that
both nuclear states should have a similar single-
particle configuration.
The estimation of the nuclear magnetic moment
(l) of the 66 keV state has been made taking to-
gether the known hyperfine field Bhf  3.5(5) T for
Cs in Ni [26], and the value now measured for the
Larmor frequency jxLj  j2p gBhflN/hj  184(20)
Mrad sÿ1. Then a magnetic moment of jlj  2.7(5)
lN is found, also close to the magnetic moment of
the 131Cs ground state [25].
5. Conclusions
In this work, we have shown that the 66 keV
state in 127Cs can be used as a probe state of a new
PAC element. For these experiments, the c–eÿ
PAC spectrometer has been mounted on-line with
the ISOLDE beam line. The combination of a Ta
target with W ion-source was found to be the best
option to produce cleans 127Ba beams at ISOLDE.
Thin BaF2 gamma detectors were installed for
optimized eciency at low energy and high count
rate. From the PAC measurements, the half-life,
spin, and nuclear quadrupole moment of the 66
keV excited state 127Cs were derived. A first hint on
the magnetic moment of this state is presented.
The applications foreseen for this new PAC
probe element involve investigations of Ba-con-
taining high-Tc superconductors, point defects
studies in metals with alkali-earth elements, and
also the study of amorphous–crystalline phase
transitions in barium materials.
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